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We propose a new strategy to look for long-lived particles (LLP) at the LHC. The LLPs are
produced at one experiment, but its decay products are detected by a detector at another experiment.
We use a confining Hidden Valley scenario as a benchmark. Through showering and hadronization,
the multiplicity of hidden mesons can be large, and their decay products, dimuon as chosen in this
study, are typically too soft to pass triggers in traditional LHC searches. We find the best acceptance
is achieved if we produce LLPs at collision points at the LHCb and ALICE experiments, and use the
muon chamber of ATLAS for detection. This new search is cost-efficient since it does not require a
new detector to be built. Meanwhile, it can provide coverage of interesting parameter space, which
is complementary to other proposed LLP searches.
INTRODUCTION
The LHC is the most energetic machine at the high
energy frontier. There have been many measurements
conducted at the LHC, however, most of them are spe-
cialized in looking for new particles that are produced
and decay promptly in a detector. By contrast, the exis-
tence of long-lived particles commonly appears as a natu-
ral prediction in many well-motivated frameworks of new
physics beyond the SM [1–8]. The searches for such long-
lived particles (LLPs) is a very interesting and important
research direction. However, such searches are quite chal-
lenging at the LHC because these events involving LLPs
are generically difficult to trigger, also the modeling of
the relevant SM background is highly non-trivial.
Recently, much effort has been devoted to extending
the LHC experiment by new detectors, such as SHiP [9],
FASER [10], MATHUSELA [11] as well as CODEX-b
[12]. All these proposals require adding additional facili-
ties beyond the ones we have already built, which can be
expensive and time consuming. While it is very impor-
tant to push such extensions forward, it is interesting to
explore the possibilities to probe the parameter space of
LLP using new search strategies with the existing detec-
tors at the LHC.
At the LHC, there are several independent experiments
operating simultaneously, and their detectors are specif-
ically designed with different goals. In most of studies
carried out at the LHC, the detector is used to study the
collisions happening at the collision point within itself.
However, if LLPs exist and are produced by high energy
collisions, they can escape the detector at the collision
point and accidentally decay in the vicinity of detectors
far away. In this case, the decay products, such as a
dimuon pair, can leave largely displaced tracks in the far
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detector as they enter in, and then can potentially be
used to reconstruct the long-lived mother particle. For
example, a high energy collision at the LHCb or ALICE
experiment may produce multiple LLPs. One of them
can decay to a dimuon pair in the vicinity of ATLAS,
and these muons will leave their tracks in the ATLAS
muon chamber, as illustrated in Fig. 1.
FIG. 1: This is a bird-view of the LHC. Long-lived
particles can be produced at one experiment and then
detected at another experiment far away.
To record LLP signal events, the far detector needs
to trigger on charged tracks propagating from outside to
inside. Special triggering strategy using Kalman Filter
method has been tested and demonstrated to be work-
ing using current firmware of CMS detector [13]. Similar
trigger strategy can be implemented at ATLAS as well,
and it can be deployed for Run-III (data taking from
2021). This trigger strategy could be further optimized
for High-Luminosity LHC data taking, based on the ex-
isting upgrade plan.
In this paper, we study details of this novel LLP search
strategy, i.e. looking for LLPs produced from collision
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points of other experiments. This search will provide sig-
nificant coverage of unexplored parameter space, comple-
mentary to that covered in other proposed LLP searches.
Furthermore, this new search strategy does not require
additional hardware or facility being built, which is cost-
efficient.
THEORY SETUP
LLPs naturally appear in many natural extensions of
the SM. One typical class of models with LLPs in the
particle spectrum is the hidden valley (HV) scenario [14].
In this section, we provide details about one benchmark
model in this scenario. We note that our proposed search
strategy can be easily applied to study many other mod-
els beyond the benchmark model we choose here.
We consider a heavy gauge boson, Z ′, of the extended
group U(1)′ to be the portal connecting our SM parti-
cles with particles in HV sector. We assume both SM
quarks and hidden quarks are charged under U(1)′. The
Lagrangian can be written as
L ⊃ gZ′Z ′µ(QSM q¯γµq +QHV q¯hγµqh) +
1
2
m2Z′Z
′2 (1)
Here we take the U(1)′ gauge coupling as gZ′ . The SM
and HV quarks have charges QSM and QHV respectively.
If QSM  QHV , Z ′ dominantly decays to HV sector
and the dijet constraints on Z ′ at the LHC is largely
relaxed [15]. The other possible constraint is from mono-
jet search [16] since Z ′ mainly decays to hidden sector
particles which escape the detector. However this only
imposes very mild constraint on the coupling between Z ′
and SM particles, i.e. gZ′QSM ∼ 0.2 if Z ′ is 200 GeV.
This indicates an upper limit on Z ′ production cross sec-
tion at 14 TeV LHC as more than 1000 pb. We will see
that the sensitivity that can be achieved using our pro-
posed search strategy does a much better job.
We assume the HV sector is governed by a confining
non-abelian gauge group, similar to SM QCD. HV quarks
from Z ′ decay experience showering and hadronization
(SH) under the hidden gauge group. This distributes
their energy to softer hidden mesons. The meson spec-
trum in HV sector depends on details of the non-abelian
gauge group, such as the numbers of color, flavor, con-
finement scale and HV quark masses. For simplicity and
concreteness, we assume two species of hadrons in low en-
ergy spectrum, ωh and ηh, which are vector and pseudo
scalar mesons with similar masses. We expect such spec-
trum to appear when there is no chiral symmetry break-
ing induced by confinement. By a simple counting of the
number of degrees of freedom, we expect Nωh/Nηh ∼ 3.
These mesons can be long-lived and escape the detector
at the production point.
SH processes in hidden sector are highly non-trivial to
model. Significant efforts have been devoted to simulate
FIG. 2: Leading order Feynman diagram for the process
we are interested in
SH in HV scenario. As studied in [17], given a fixed
number of HV mesons in final states, different SH tech-
niques give approximately the same kinematics. For ex-
ample, Pythia simulation [18] gives a similar momentum
distribution as that obtained using quark-combination
model [19–21] and the longitudinal phase space approx-
imation [22, 23]. Thus we adopt the simulation results
from Pythia 8.1 in this study and treat the number of
mesons as a free parameter.
After the production of these hidden mesons, we as-
sume they decay back to SM sector eventually. The decay
products and decay lifetime are also model dependent.
Among all possible decay products, muon stands out for
obvious reasons. First, muons can be well identified in
the muon chamber, which is generally the largest com-
ponent of a detector. This helps us to define our signal
concretely. Furthermore, energetic muons can propagate
for a long distance in earth. Thus the decays of HV
mesons may happen on the way to a far detector and
be registered by the far detector after a distant propaga-
tion. This largely improves the acceptance of our signal.
In this study, we focus on the muon decay channel and
our results scale linearly with the decay branching ratio
to muons.
The decay lifetimes of ωh and ηh can be drastically
different, depending on the type and coupling strength
of mediating particles. In principle, one can tune pa-
rameters so that these two mesons share similar decay
lifetimes, however, this is not generically the case. Here
we focus on the decay of ωh’s and assume ηh’s have a
much longer lifetime and most of them are not relevant
for our study. Our results can be easily rescaled if one is
interested in other possibilities.
To gain some intuitions, we present several kinematic
distributions of HV mesons and muons for a generic
choice of benchmark parameters. The mass of Z ′ is set
to 200 GeV and the parameters in the hidden sector are
2
picked to make the averaged HV meson number to be
∼ 40 and ∼ 10 when HV meson mass is 0.3 GeV and 5
GeV respectively. In Fig. 3, we show the energy distri-
butions of HV mesons and muons.
0 0.5 1 1.5 2 2.5 3 3.5 4
energy(Gev)
0
0.002
0.004
0.006
0.008
0.01
N
or
m
al
iz
ed
muon
dark meson
=0.3Gevdark mesonm
energy distribution
(a)mωh = 0.3 GeV
0 2 4 6 8 10 12 14
energy(Gev)
0
0.001
0.002
0.003
0.004
0.005
N
or
m
al
iz
ed
muon
dark meson
=5Gevdark mesonm
energy distribution
(b)mωh = 5 GeV
FIG. 3: Energy distributions of ωh and muon with
mωh = 0.3 GeV and mωh = 5 GeV respectively.
Here we see that the boost factors of HV mesons are
moderate. This indicates the directions of muons and the
directions of HV mesons may not be perfectly aligned, es-
pecially when HV meson mass is much larger than muon
mass, i.e. 5 GeV in our benchmark point.
In Fig. 4, as a demonstration, we show the pseudo-
rapidity (η) distribution of HV mesons and muons in the
coordinates of the experiment at production. Here we
also see that, rather than an isotropic distribution, the
HV mesons are more concentrated along the beam direc-
tion, which is within expectation due to parton distribu-
tion function of a proton. This directional distribution
indicates that a far detector located along the forward-
backward direction can provide larger acceptance to our
signal events.
The propagation in earth of muons decayed from HV
mesons is studied using MUSIC [24, 25]. In Fig. 5, we
show the averaged stop length of a muon as a function of
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FIG. 4: η distributions of ωh and muon with mωh = 0.3
GeV and mωh = 5 GeV respectively. We also include an
isotropic distribution as a reference.
its energy. We further simulate the earth induced change
on muon direction after they run into the chamber of the
far detector, presented in Fig. 6. Here we require the
muon to be energetic enough for detection (pT > 1 GeV
in the coordinates of the experiment at detection). As to
be shown in later discussion, we set cτ of the HV meson
to be the values where the proposed search gives approx-
imately the best sensitivities, i.e. cτ = 9 m for 0.3 GeV
and 50 m for 5 GeV. ∆φ is the change of the azimuthal
angle for the muons in the coordinates of the production
experiment. We note that the propagation in earth does
not change the direction of a muon significantly.
EXPERIMENTAL SETUP
In this study, we consider the detection method where
the LLPs are produced at one LHC collision point (pro-
duction site) and detected by an experiment at another
collision point (detection site). There are 4 major ex-
periments at the LHC. Each experiment has a detector
3
FIG. 5: Average stop length as a function of muon
energy.
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FIG. 6: The change of muon directions after
propagation in earth.
sitting at one collision point of the LHC. The acceptance
of LLP largely depends on the relative opening angle of
a detector w.r.t. the collision point.
The locations of the LHC experiments are shown in
Fig. 1. The distance between each pair of experiments is
listed in Table I.
Produce Detect Distance(m)
ALICE/LHCb ATLAS 1676
ALICE/LHCb CMS 8429
ATLAS CMS 8594
ALICE LHCb 3289
TABLE I: The distance between two experiments at the
LHC.
To simplify the studies, for the detection site, we con-
sider the ATLAS (CMS) detector as a cylinder with a
diameter of 25 m (15 m). The length of the cylinder
is taken to be 44 m (28.7 m). For ATLAS (CMS) de-
tector, the outermost layer is the muon chamber, which
takes O(1) fraction of the total volume of the detector,
with coverage on both barrel and endcap regions. The
ATLAS (CMS) muon chamber is embedded in a mag-
net field of 1 (2) Tesla, orthogonal (parallel) to the beam
pipe. For the LHCb experiment, the detector is asym-
metric. The LHCb muon chamber can also be approx-
imately treated as a cylinder with diameter 4.5 m and
height 4 m. Lastly, ALICE does not have a dedicated
muon chamber and we only consider it as a production
site. In ATLAS, CMS and LHCb experiments, muon
chambers are the largest components compared to other
ones, such as inner tracker, ECAL and HCAL. They con-
sequently give the largest acceptance to look for LLPs. In
addition, the background in muon chambers is expected
to be much cleaner. Thus in this study, we only con-
sider LLP detection using muon chambers at these three
experiments.
The Run-III of the LHC starts in 2021, ATLAS and
CMS experiments each plan to take about 150 fb−1 data,
LHCb and ALICE plan to take about 15 fb−1 data. The
high luminosity run of the LHC will operate between
2026-2035. The total integrated luminosity at ATLAS
and CMS can reach 3 ab−1 per experiment, while LHCb
and ALICE will reach 300 fb−1 for each.
The opening angle of a far detector to a collision
point decreases quadratically with distance and it is
approximately proportional to the two-third power of
a detector’s volume. It turns out that the ATLAS-
LHCb/ALICE pair is an ideal choice among all possible
combinations listed in Tab. I. First, the distance between
ATLAS and LHCb/ALICE is the smallest. Second, the
volume of ATLAS is about 3.8 times of that of CMS. At
last, as shown in Fig. 4, HV mesons and muons in final
states are more concentrated along the forward-backward
direction, i.e. along the beam. All these aspects exclude
CMS from the optimal choice of this search. Further-
more, although the total luminosity at ATLAS is 10 times
larger than that at LHCb and ALICE, the difference in
muon chamber size overcomes it. Combining all these
aspects, we consider using the ATLAS muon chamber
to search for LLPs produced at ALICE/LHCb collision
points in this study.
EVENT SELECTION AND BACKGROUND
ESTIMATION
Muons from HV meson decays need to be energetic
enough to propagate through the magnetic field and hit
multiple layers of the muon chamber at ATLAS. We im-
pose a lower limit, 1 GeV, on muon’s transverse momen-
tum pT , defined in ATLAS coordinates.
The dominant background comes from proton-proton
collisions within ATLAS experiment itself. During data
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taking, beam bunch crossing happens at 40 MHz at the
center of the ATLAS detector. On average, there are up
to 140 proton-proton collisions per beam bunch crossing.
Most of the particles from these collisions are stopped in
the calorimetry system between the collision point and
the muon chamber, except for a moderate number of
muons, and very rare random punch-through particles
passing through. There are three features that can be
used to distinguish between muons from ATLAS inter-
action points and muons from LLP produced from other
experiments:
• First, muons from LLP decays have a preferred inci-
dence angle. The muon may not precisely point back to
the collision point of LHCb or ALICE, due to the decay
of the HV meson as well as its propagation in earth. For-
tunately, by requiring the muon to have large momentum
when it enters the ATLAS detector, i.e. pT > 1 GeV, we
select muons which are sufficiently energetic so that their
directions are still approximately pointing back to LHCb
or ALICE.
The directional information of the muon can be used
to distinguish the signal from background. Taking the
same set of benchmark parameters as before, in Fig. 7,
we show the θ distribution of muons from HV meson
decays in the coordinate of the ATLAS detector. The
spread of the incoming angle is ∼ 0.02. Given the seper-
ation between ALICE/LHCb and ATLAS as about 1700
m, the smearing on the production point is ∼40 m. This
is similar to the size of the LHCb/ALICE experiment.
Thus the muons which pass the pT threshold remain ap-
proximately pointing back to LHCb or ALICE.
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FIG. 7: The θ distribution of incoming muons in the
coordinate of the ATLAS detector.
• Second, most of muons from LLP decays have very
large impact parameters, i.e. O(10) m. For muons pro-
duced at ATLAS proton-proton collision point, their im-
pact parameters are generically smaller than O(1) mm;
• Third, for a muon from LLP decay, when it passes
through the detector from outside to inside, the timing
sequence registered in the muon chamber is reversed to
that of a muon from ATLAS proton-proton collisions.
We expect such three features of the signal can be ex-
tracted through event reconstruction, with efficiency of
O(1). We assume they can be used to reduce the SM
background to a negligible level.
Another concern is the background from cosmic ray
muons, which can be modeled by a modified Gaisser for-
mula [26]. However, such background can be reduced to
a negligible level by requiring the direction of the incom-
ing muons to point back to the LHCb or ALICE. These
experiments are about 100 meters underground and the
thickness of the rock is on average of 35.6 km. The back-
ground event induced by a cosmic muon reaching a de-
tector from these particular directions is much smaller
than 1.
There are also other possible sources of background,
such as particles from environment radiations, which can
be removed efficiently by the muon transverse momen-
tum cut at 1 GeV. Thanks to the shielding of calorime-
tery, hit rates in muon detector is around kilo Hz/cm2
at phase II [27], with proton-proton bunch crossing rate
of 40 MHz. A typical muon track registered the muon
detector requires 8 good hits. For LLP search, we could
in principle double this number because the muons from
LLPs roughly move inward in the detector first, then run
outward. With excellent position resolution of ∼80 µm
for the muon detector, the possibility of a misconstructed
track by random hits to fake our signal is negligible.
EXPECTED SENSITIVITY
In this section, we present the expected sensitivities
for our benchmark model presented in Eq. (1). Z ′ mass
is taken to be 200 GeV. We choose HV meson masses
to be 0.3 GeV and 5 GeV to represent light and heavy
hidden sectors. As discussed above, the averaged number
of HV mesons, i.e. NHV , from SH processes is model
dependent, thus we choose hidden sector parameters in
order to change NHV by a factor of 2 approximately. For
mHV = 0.3 GeV, we take NHV to be ∼ 20 and ∼ 40.
For mHV = 5 GeV, NHV is taken to be ∼ 4 and ∼ 8.
Since the muon direction is not always perfectly
aligned with its mother HV meson direction, it does not
necessarily point back to the production point. In or-
der to accurately calculate the probability of muons in
final states which can enter a far detector, we calculate
the trajectory of each muon, assuming the propagation
of these muons remains approximately straight in earth,
as demonstrated in Fig. 6. Furthermore we impose a
cut on muon pT at 1 GeV, after they penetrate the earth
and reach the detector chamber, in the far detector co-
ordinate. For muons which pass directional and kinetic
cuts, the trigger efficiency is taken as ∼100%.
5
We assume the background is negligible for our pro-
posed signal. The total luminosity at the LHCb and AL-
ICE is taken to be 300 fb−1 for each, which is expected
to be achieved at the end of the high-luminosity run of
the LHC.
In Fig. 8, we present the estimated sensitivities as a
function of HV meson decay lifetime, for various choices
of benchmark parameters. The two bands correspond to
two choices of mHV and the boundaries of each band are
for two NHV in each case.
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FIG. 8: Expected sensitivities of our proposed search at
the end of the high-luminosity run of the LHC, with
different choices of benchmark parameters. LLPs are
produced at LHCb or ALICE collision points. They
decay to dimuon pairs and are further detected at the
ATLAS detector.
Now let us briefly comment on the comparisons with
other proposed search strategies. First, there are several
proposals suggesting to add new modules to the LHC in
order to look for LLPs, such as SHiP [9], FASER [10],
MATHUSELA [11] and CODEX-b [12]. The costs of
the new modules can be significant, while our proposed
search only requires implementing novel trigger scheme,
which is much more cost-efficient.
Additionally, it has been proposed to use timing infor-
mation at ATLAS and CMS to look for LLPs [28]. This
has been demonstrated to be very powerful. However,
in order to generate significant time difference to distin-
guish signal from background, the flight direction of a
daughter particle from a LLP decay needs to be quite
different from that of its mother particle. This require-
ment is not easy to satisfy if the LLP is light, thus the
study proposed in this paper is complementary to the
LLP searches based on timing information.
Lastly, LHCb can also be used to search for LLPs in
HV scenario [17], thanks to its unique detector configu-
rations, especially the VELO and RICH. This search also
relies on the new trigger on soft muons to be implemented
at the LHCb, and it provides comparable sensitivity at
large cτ as that achieved in the study presented here. As
in many measurements, operating ATLAS and CMS si-
multaneously provides independent checks to any poten-
tial signals. Combining the results from these two search
strategies, the one studied here and the one in [17], can
provide powerful cross checks and further improve the
sensitivity of probing the HV scenario.
CONCLUSION
In this study, we consider a novel strategy to look for
LLPs. We assume LLPs are produced at one experi-
ment, decay after flying a long distance, and their decay
products are detected by the detector of another experi-
ment. Among all possible combinations of experiments,
we find that the optimal choice is to produce LLPs at the
collision points of the LHCb and ALICE experiments,
and the ATLAS muon chamber is used to detect muons
from LLP decays. We choose a benchmark model in the
HV scenario and assume a simple Z ′-boson as the por-
tal connecting our SM sector and the HV sector. We
show that our proposed search strategy can probe inter-
esting parameter space. It is complementary to other
LLP searches, and it is cost-efficient since no new detec-
tors are needed.
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